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Comparisons with Caenorhabditis (~100 Mb) and Drosophila (~175 Mb) Using
Flow Cytometry Show Genome Size in Arabidopsis to be ~157 Mb and thus
~25 % Larger than the Arabidopsis Genome Initiative Estimate of ~125 Mb
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Recent genome sequencing papers have given genome sizes of 180 Mb for Drosophila melanogaster Iso-1 and
125 Mb for Arabidopsis thaliana Columbia. The former agrees with early cytochemical estimates, but numerous
cytometric estimates of around 170 Mb imply that a genome size of 125 Mb for arabidopsis is an underestimate.
In this study, nuclei of species pairs were compared directly using flow cytometry. Co-run Columbia and Iso-1
female gave a 2C peak for arabidopsis only approx. 15 % below that for drosophila, and 16C endopolyploid
Columbia nuclei had approx. 15 % more DNA than 2C chicken nuclei (with >2280 Mb). Caenorhabditis elegans
Bristol N2 (genome size approx. 100 Mb) co-run with Columbia or Iso-1 gave a 2C peak for drosophila approx.
75 % above that for 2C C. elegans, and a 2C peak for arabidopsis approx. 57 % above that for C. elegans. This
confirms that 1C in drosophila is approx. 175 Mb and, combined with other evidence, leads us to conclude that
the genome size of arabidopsis is not approx. 125 Mb, but probably approx. 157 Mb. It is likely that the discrep-
ancy represents extra repeated sequences in unsequenced gaps in heterochromatic regions. Complete sequencing
of the arabidopsis genome until no gaps remain at telomeres, nucleolar organizing regions or centromeres is still
needed to provide the first precise angiosperm C-value as a benchmark calibration standard for plant genomes,
and to ensure that no genes have been missed in arabidopsis, especially in centromeric regions, which are clearly
larger than once imagined. © 2003 Annals of Botany Company
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INTRODUCTION

The year 2000 saw landmark publications giving ‘complete
genome sequences’ for the fruit fly Drosophila melanoga-
ster strain Iso-1 (Adams et al., 2000) and the flowering plant
Arabidopsis thaliana (L.) Heynh. ecotype Columbia
(Arabidopsis Genome Initiative, 2000), which led to new
estimates of ‘genome size’ in these organisms. The
drosophila genome was given as ‘~180 Mb in size, a third
of which is centric heterochromatin’ (Adams et al., 2000).
Genome size in A. thaliana was given as 125 Mb,
comprising 115-4 Mb in the sequenced regions plus a
rough estimate of 10 Mb in unsequenced centromere and
ribosomal DNA (rDNA) regions (Arabidopsis Genome
Initiative, 2000). However, the term genome can refer to
either all the nuclear DNA or to only some of it, and a
completely sequenced genome is a relative concept (Bork
and Copley, 2001). It can mean that every type of sequence
in an organism has been sequenced, but it need not mean
that all copies of all types have been sequenced, or that their
copy numbers are all known. Without this information total
genome size (C-value) cannot be determined based on
genome sequencing.
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The only higher organism where such work is so
complete as to allow accurate knowledge of its genome
size based on sequencing alone is Caenorhabditis elegans
variety Bristol strain N2. In 1998 its genome sequence, then
thought to be >99 % complete, was given as approx. 97 Mb
(C. elegans Sequencing Consortium, 1998), and in February
2000 it was given as approx. 100-25 Mb (http://www.worm-
base.org/). Sequencing of arabidopsis and drosophila
genomes is much less complete as both contain several
large gaps of unknown size (Adams et al., 2000;
Arabidopsis Genome Initiative, 2000). Their genome sizes
(Adams et al., 2000; Arabidopsis Genome Initiative, 2000)
were estimates whose accuracy was set not by the precision
of sequencing and assembling contigs, but by the total
inaccuracy in the sizes assumed for the unsequenced gaps.
Such estimates may be no more accurate than many made
by other methods.

If 125 Mb (Arabidopsis Genome Initiative, 2000) is a
correct estimate for the genome size of arabidopsis, then
many previous estimates based on various kinds of sequence
analyses (approx. 70 Mb, Leutwiler et al., 1984; approx.
50 Mb, Francis et al., 1990; approx. 100 Mb, Meyerowitz,
1994) were underestimates, especially in contrast to many
higher estimates obtained using cytochemistry (Bennett,
1972; Bennett and Smith, 1976, 1991; Krisai and
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TABLE 1. DNA C-values for Arabidopsis thaliana estimated by Feulgen photometry (FE), flow cytometry (FC), or the
molecular methods: reassociation kinetics (RK) and quantitative gel blot hybridization (GBH)

1C DNA amount
Size standard and

Technique and reference pg Mb 1C DNA amount

RK (Leutwiler et al., 1984) 0-082 80-0* E. coli = 4-64 Mb
[0-071 70-0%* E. coli = 4-10 Mb]

GBH (Francis et al., 1990) 0-051 50-0%* -

FE (Bennett and Smith, 1991) 0-175% 1715 Vigna = 0-53 pg

FE (Krisai and Greilhuber, 1997) 0-167* 163-7 Allium = 16-78 pg

Pisum = 4-42 pg

FC : MI (Galbraith et al., 1991) 0-085* 83-0 Yeast = 13:39 Mb
[0-095 93.0 Yeast = 15 Mb]
0-160* 156-8 CRBC = 1-165 pg

FC : Hoechst (Galbraith et al., 1991) 0-165* 161.7 CRBC = 1-165 pg

FC : DAPI (Galbraith et al., 1991) 0-170* 166-6 CRBC = 1-165 pg

FC : PI (Arumuganathan and Earle, 1991) 0-150* 147-0 CRBC = 1-165 pg

FC : PI (Marie and Brown, 1993) 0-165%* 161.7 CRBC = 1-165 pg

FC : PI (Dolezel et al., 1998) 0-195* 191-1 Pisum = 4-55 pg
0-185* 181-3 Allium = 16-78 pg

FC : PI (this work) 0-153* 150-0 Drosophila = 180 Mb
0-167* 163-7 CRBC = 1-165 pg
0-160 157-0 C. elegans = 100 Mb

Fluorochromes used for FC were: mithramycin (MI), 4’,6-diamidino-2-phenylindole (DAPI), Hoechst 33258 (Hoechst), propidium iodide (PI).
Molecular biologists gave estimates in Mb and others mainly in pg (1 pg = 980 Mb; Cavalier-Smith, 1985)—original form marked with an asterisk.
Values from Arumuganathan and Earle (1991) using 1 pg = 965 Mb (Strauss, 1971) have been corrected. Size standards were Allium cepa (Allium);
Caenorhabditis elegans strain Bristol N2 (C. elegans); chicken red blood cells (CRBC); Drosophila melanogaster strain Iso-1 (Drosophila);
Escherichia coli (E. coli); Pisum sativum (Pisum); Saccharomyces cerevisiae (Yeast); or Vigna radiata ‘Berken’ (Vigna). For E. coli and yeast,
genome size was later established by DNA sequencing (Goffeau et al., 1996; Blattner et al., 1997), so the original estimate in parentheses is preceded

by a recalibrated value based on this.

Greilhuber, 1997) or flow cytometry (Arumuganathan and
Earle, 1991; Galbraith et al., 1991; Marie and Brown, 1993;
Dolezel et al., 1998) in the range 170 = 20 Mb. Original
genome size estimates in A. thaliana made by various
methods are given in Table 1 and in the Appendix (note 1).
Estimates based on cytochemical or cytometric techniques
mostly exceed the range of estimates for arabidopsis
acknowledged by the Arabidopsis Genome Initiative
(AGI) (2000), but approach or exceed that for drosophila
reported by Adams et al. (2000). Given this inconsistency,
these two species were compared directly using flow
cytometry (FC). We also compared arabidopsis with
C. elegans whose C-value is accurately known from genome
sequencing (C. elegans Sequencing Consortium, 1998), and
with Gallus domesticus whose C-value is acceptably known
from chemical and other estimates (Galbraith et al., 1983)
(Appendix, see note 2).

MATERIALS AND METHODS

Seed of Arabidopsis thaliana ecotype Columbia was
obtained from the Arabidopsis Stock Centre (Nottingham,
UK). Drosophila melanogaster strain Iso-1 was obtained
from Gerald Rubin (University of California at Berkeley,
CA, USA). Caenorhabditis elegans variety Bristol strain N2
was provided by the Caenorhabditis Genetics Centre, which
is funded by the NIH National Centre for Research
Resources (NCRR). Blood of Gallus domesticus was
obtained from a ‘DeKalb Reference Stock’ male White
Leghorn homozygous for the B19 haplotype (Briles and

Briles, 1982) from Northern Illinois University (DeKalb, IL,
USA) (Seo et al., 2000), hatched and housed at the
Laboratory Animal Resources Facility, Texas A&M
University (College Station, Texas, USA).

‘Galbraith’ buffer used to suspend nuclei of these species
for flow cytometry consisted of, per litre, 4.26 g MgCl,,
8-84 g sodium citrate, 4-2 g 3-[N-morpholino] propane
sulfonic acid, 1 ml Triton X-100™ and 1 mg boiled
ribonuclease A (Galbraith et al., 1983), adjusted to pH 7-2
(Johnston et al., 1999). This buffer was successfully used for
arabidopsis (Galbraith ez al., 1991) and gives high stability
of plant and animal nuclei for up to 30 h.

Preparing nuclear suspensions for interspecific comparisons
by flow cytometry

Seedlings grown on agar in a Petri dish, or newly
expanded rosette leaves from flowering plants of arabi-
dopsis grown at 24 °C day (13 h)/18 °C (11 h) night were
manually chopped using a razor blade to release nuclei
into Galbraith buffer, as described previously (Johnston
et al., 1999), and filtered through a 53-um nylon mesh to
recover 1 ml, which was kept on ice. Two heads of female
drosophila were placed in 2 ml Galbraith buffer, stroked
15 times with an A pestle in a Kontes Dounce tissue
grinder and filtered through a 20-um nylon mesh. For
comparison in mixtures with arabidopsis, a small aliquot
(approx. 50 pl) was added to a sample of arabidopsis
nuclei, and propidium iodide (PI) was then added as
described below.
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To compare G. domesticus with arabidopsis, 5 ml newly
drawn chicken blood was put into a sterile Monoject™
collection tube containing 0-07 ml 15 % solution of
EDTA(K;) in purified water, calculated equivalent to
10-5 mg. This was stored for up to 10 d at 4 °C. Stock
solutions were prepared by adding 50 pl to 2 ml Galbraith
buffer, followed by stroking 15 times with an A pestle in a
Kontes Dounce tissue grinder, and filtering though a 20-um
nylon mesh. Aliquots were mixed with newly prepared
nuclei suspensions of arabidopsis in 1 ml Galbraith buffer.

C. elegans, cultured and prepared by standard methods
(Brenner, 1974), were suspended in distilled water, gently
pelleted and the supernatant discarded. About 0-1 ml of the
pelleted sample was resuspended in 1 ml of distilled water
and repelleted. A 10 pl aliquot was pipetted into 2 ml
Galbraith buffer (Galbraith et al., 1983), stroked 50 times
with an A pestle in a Kontes Dounce tissue grinder and
filtered through a 20-um nylon mesh. For comparison with
arabidopsis, a small aliquot (approx. 50 pl) was added to a
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sample of arabidopsis nuclei. For comparison with droso-
phila, the head of a female fly was added to a C. elegans
sample after 35 strokes, and the mixture stroked a further 15
times before filtering through a 20-um nylon mesh, and a
small aliquot (approx. 50 ul) added to 1 ml buffer.

Flow cytometry

For all comparisons, PI was added to samples to a final
concentration of 50 ppm, and the mixture co-stained in the
dark at 4 °C for a known duration of up to 24 h (usually 1-
9 h). The mean fluorescence of co-stained nuclei in at least
ten replicate samples of each species comparison was
quantified using a Coulter Epics Elite (Coulter Electronic,
Hialeah, FL, USA) flow cytometer with a laser tuned at
514 nm and 500 mW. Fluorescence at >615 nm was
detected by a photomultiplier screened by a long pass filter.

RESULTS

Relative nuclear DNA C-values in arabidopsis and
drosophila

If the recent estimates of 1C-values of approx. 125 Mb for
arabidopsis (Arabidopsis Genome Initiative, 2000) and
approx. 180 Mb for drosophila (Adams et al., 2000) are
both correct, then the 2C peak at approx. 360 Mb for
drosophila is expected mid-way between the 2C and 4C
peaks at approx. 250 and 500 Mb for arabidopsis. But if a
higher 1C estimate of approx. 170 Mb is correct for
arabidopsis, then the 2C peak for arabidopsis at approx.
340 Mb should closely approach the 2C peak at approx.
360 Mb for drosophila. When the two stocks used for
genome sequencing were compared in mixtures, the 2C
peak for Columbia was only approx. 15 % below the peak
for Iso-1 (Fig. 1A). This gives a 1C DNA amount of approx.
153 Mb for arabidopsis if the estimate (approx. 180 Mb) for
drosophila is correct.

F1G. 1. Relative DNA staining in nuclei of arabidopsis, drosophila,
Gallus and Caenorhabditis. A, Arabidopsis has approx. 85 % of the 2C
nuclear DNA fluorescence of drosophila. Relative red fluorescence of PI-
stained nuclei shows a ratio of approx. 0-85 : 1-00 between A. thaliana
ecotype Columbia (2C mean = 201-6) and female D. melanogaster strain
Iso-1 (2C mean = 236-7). The arabidopsis 2C peak was identified as the
lowest in its 2C (mean = 201-6), 4C (mean = 398-8), 8C (mean = 792-1),
etc. doubling series. PI staining time = 4 h. B, Arabidopsis 16C nuclear
DNA fluorescence exceeds that of 2C chicken. Relative red fluorescence
of Pl-stained nuclei shows a ratio of approx. 1-15 : 1.00 between
endopolyploid 16C nuclei of A. thaliana ecotype Columbia (16C peak
mean = 390:9) and chicken erythrocyte nuclei (2C peak = 341.7). NB
Arabidopsis is identified from its known doubling series 2C, 4C, 8C,
16C.) PI staining time = 2-8 h. C, Drosophila has approx. 175 % 2C
nuclear DNA fluorescence of C. elegans. Relative red fluorescence of PI-
stained nuclei shows a ratio of approx. 1-00 : 1-74 between C. elegans
variety Bristol N2 (2C mean = 95-9) and female D. melanogaster strain
Iso-1 (2C mean = 167-2). PI staining time = 9-3 h. D, Arabidopsis has
approx. 157 % 2C nuclear DNA fluorescence of Caenorhabditis. Relative
red fluorescence of PI-stained nuclei shows a ratio of approx. 1-00 : 1-54
between C. elegans variety Bristol N2 (2C mean = 101-6) and
A. thaliana ecotype Columbia (2C mean = 159-6). PI staining time = 4-1 h.
NB Species were identified by varying the relative amounts of nuclei
from one to the other between runs within each mixture.
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Relative nuclear DNA C-values in arabidopsis and chicken

The genome size of A. thaliana has also been estimated
by FC using chicken red blood cells (CRBC) as a size
standard, comparing 2C and endopolyploid nuclei (Table 1).
Endopolyploidy is common in arabidopsis (Galbraith et al.,
1991), which allows comparisons of nuclei of more similar
DNA contents with lower experimental error (Johnston
et al., 1999). FC was used in the present study to compare
16C endopolyploid nuclei from expanded leaves of
arabidopsis with 2C CRBC nuclei (Galbraith et al., 1983)
co-stained in mixtures, using a second animal species as a
control.

Most estimates of 2C DNA amount in CRBC are in the
range 2-33-2-5 pg (see supporting information in Appendix,
note 2). If arabidopsis 1C is 125 Mb (Arabidopsis Genome
Initiative, 2000), its 16C-value would be 2-0 pg, below any
2C-value for chicken; however, if 1C is approx. 0-17 pg for
arabidopsis then 16C would be approx. 2-7 pg, above any
2C-value for CRBC. When nuclei from CRBC and
expanded leaves of arabidopsis were co-stained with PI,
the peak for 16C arabidopsis nuclei was always above that
for 2C CRBC (Fig. 1B). Indeed, it averaged approx. 15 %
higher, giving 1C-values for arabidopsis of approx. 0-165 pg
or 0-180 pg, respectively, if 2C-values of 2-33 or 2.5 pg are
assumed for chicken.

Relative DNA C-values in Caenorhabditis and drosophila or
arabidopsis

When C. elegans and female drosophila were compared
in mixtures, the 2C peak for drosophila averaged approx.
75 % above that for C. elegans (Fig. 1C), giving a 1C DNA
amount of approx. 175 Mb for drosophila based on an
estimate of 100 Mb for C. elegans.

When C. elegans and arabidopsis were co-run in
mixtures, the 2C peak for arabidopsis averaged approx.
57 % above that for C. elegans (Fig. 1D), giving a 1C DNA
amount of approx. 157 Mb for arabidopsis based on an
estimate of 100 Mb for C. elegans.

Could the results obtained for arabidopsis be overestimates
owing to technical artefacts?

The present results are unlikely to be the result of a
technical artefact as controls to vary the method or material
gave similar results. Three different standards all gave
estimates for arabidopsis in the range 153-162 Mb (Fig. 1A-
D). Concerns about using animal nuclei as size standards for
plant materials (Galbraith ef al., 1983) do not apply here as
the present plant and animal nuclei were freshly prepared in
Galbraith buffer in each experiment and co-stained in the
same tube using the non-base specific fluorochrome PI.
Staining with PI saturated in all species by 1 h and then
remained almost constant for 1-24 h after staining (data not
shown). DNA is more methylated in arabidopsis than in the
animal standards with which arabidopsis was compared, but
we are unaware of published work showing lower binding of
PI to unmethylated vs. methylated DNA sufficient to
account for our results, and methylation in A. thaliana
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Columbia (approx. 6-4 % of cytosine bases; Ronemus et al.,
1996) is too low to inflate the estimate of 125 Mb by 25 % to
give our estimate (157 Mb). Moreover, the level of
methylation in A. thaliana Columbia (approx. 1-3 % of all
bases) is similar to that in chicken erythrocytes (104 % of
all bases; Vanyushi et al., 1973). Yet comparing these
(Fig. 1B) gave a similar estimate for arabidopsis (approx.
162 Mb) as comparing arabidopsis with Caenorhabditis,
which has no methylation (approx. 157 Mb) (Fig. 1D).
Clearly, any effect of differential methylation is minor, and
can be discounted as an explanation for our results.

Further evidence that strongly supports this conclusion
comes from additional experiments in which arabidopsis
with very different levels of DNA methylation is compared
with C. elegans. Vongs et al. (1993) described a mutant of
A. thaliana named ddml (for decrease in DNA methylation)
in which the amount of 5-methylcytosine was reduced to
only 25-30 % of that found in wild-type plants. Seeds of the
F; generation of ddml (obtained from E. J. Richards,
Washington University, St Louis, MO, USA) were culti-
vated, one per pot, in the same growth room as plants of
Columbia. Nuclei isolated from a comparable leaf of one or
other line were compared with nuclei of C. elegans, as
described above. When C. elegans and A. thaliana ecotype
Columbia, which has high methylation, were co-run in
mixtures, the 2C peak for arabidopsis was, on average,
58-7 % above that for C. elegans, giving a mean 1C DNA
amount of approx. 158-7 Mb (s.e. = 1-2) for six plants of
Columbia. However, when C. elegans and A. thaliana
mutant ddml were co-run in mixtures, the mean 2C peak for
arabidopsis was approx. 56-8 % above that for C. elegans,
giving a 1C DNA amount of approx. 156-8 Mb (s.e. = 1:1)
for ddm1 which has low methylation, based on an estimate
of 100 Mb for C. elegans. The means differ only by 1-2 %,
and a Student’s z-test showed that the probability that these
means are from the same population is 0-21. Thus, they are
not significantly different, despite the large difference in the
level of methylation between wild-type arabidopsis and
ddml mutants.

DISCUSSION

Was a genome size of 180 Mb for drosophila a significant
overestimate?

Adams et al. (2000) did not explain clearly how they
obtained their estimate for the genome size of drosophila of
180 Mb. No estimate was cited for the total amount of DNA
in heterochromatin based on molecular studies. The method
used in Adams et al. (2000) to estimate the large part of the
drosophila genome intractable to sequencing was crude, i.e.
direct measurements from cells shown in Yamamoto et al.
(1990), and assuming that hetero- and euchromatic seg-
ments have identical DNA contents per unit chromosome
length—an assumption that may be dubious (Jones and
Rees, 1982; Haupt et al., 2001). This raises a question as to
whether the estimate of approx. 180 Mb for genome size in
Iso-1 (Adams et al., 2000) is accurate. Other evidence
shows that it cannot be inflated by more than 10 %, and may
be an accurate estimate. First, the new estimate of 180 Mb
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for Iso-1 (Adams er al., 2000) matches the cytochemical
estimate of 1C = approx. 0-18 pg (Rasch et al., 1971) for
Oregon R male. The latter was a mean for X- and Y-bearing
haploid genomes, with a higher 1C-value of approx.
0-198 pg (Mulligan and Rasch, 1980) for X-bearing haploid
genomes. The value of 2-5 pg for 2C chicken that the
authors used as a size standard (Rasch et al., 1971; Mulligan
and Rasch, 1980) may be approx. 7 % too high, and we
estimate 1C for Iso-1 female is approx. 1-2 % less than that
for Oregon R female (see the Appendix, note 3). On this
basis, the 1C-value in female Iso-1 is minimally approx.
170 Mb if 2C chicken is 2-33 pg, or approx. 190 Mb if 2C
chicken is 2.5 pg. Secondly, 21 % of the D. melanogaster
genome is simple sequence DNA, which is confined to and
comprises most of the pericentric heterochromatin (Brutlag
et al., 1977; Hartl and Lozovskaya, 1995). Segments with
18S-28S and 5S ribosomal RNA (rRNA) account for at least
a further 2 % (Ashburner, 1989; Sun et al., 1997), and with
2 % for other repeated sequences, including transposons
(Sun et al., 1997), the minimum DNA content for
paracentromeric heterochromatin is not less than 25 % of
the entire genome in D. melanogaster, agreeing with the
results of Laird (1980). So, the 1C-value in female Iso-1 is
minimally 160 Mb, but higher amounts are possible.
Thirdly, for male Oregon R, the area of heterochromatin
was 33 % (Gatti et al., 1976), and we estimate its length in
mitotic chromosomes of Iso-1 as 33 % (see the Appendix,
note 4). Using 33 % for DNA in the unsequenced segments
in heterochromatin for male Iso-1 gives a minimum C-value
of approx. 180 Mb, provided DNA content per unit length in
eu- and heterochromatic segments of mitotic chromosomes
is constant. All three approaches give minimal C-values in
the range 160-180 Mb, but allow higher values for less
conservative assumptions. Whilst the 1C-value in Iso-1
male is minimally 160 Mb, it is more likely to be approx.
170 Mb, and could be approx. 190 Mb in the female.
Significantly, our work comparing Iso-1 directly with
C. elegans led to estimated 1C-values for female drosophila
of approx. 175 Mb. This is the first estimate for drosophila
made using a standard whose C-value is known from
complete genome sequencing, so it should probably be used
in preference to other estimates. It agrees with the previous
estimate of 0-18 pg (= 176 Mb) made by Feulgen cytometry
(Rasch et al., 1971), supporting the view that careful
estimates made by this method are accurate. Clearly the
estimate of approx. 180 Mb for drosophila based, in part, on
genome sequencing (Adams et al., 2000) was about right.

Was 125 Mb a significant underestimate for the arabidopsis
genome?

It remains for us to consider whether the genome size for
arabidopsis (125 Mb) given in the Arabidopsis Genome
Initiative (2000) is too low. Leaders in the field recently
gave higher estimates. In 1999, Somerville and Somerville
gave estimates of 130 Mb, and Lin et al. (1999) reported
estimates of ‘130—140 Mb’. This suggests that 125 Mb may
not be secure, and analysis of the literature reveals
independent reasons based on molecular and other data
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showing that genome size in arabidopsis significantly
exceeds 125 Mb.

125 Mb is an estimate rounded down from approx. 130 Mb

The Arabidopsis Genome Initiative paper in 2000 gave
genome size in arabidopsis as ‘about 125 Mb’, assuming
‘roughly 10 Mb’ in ‘unsequenced centromeric and rRNA
repeat regions’. Yet for chromosomes 1 to 5, unsequenced
centromere regions were estimated as: 1-3 Mb (Theologis
et al., 2000); 0-83 Mb (Lin et al., 1999); 1-1 Mb (Salanoubat
et al., 2000); 1-2 Mb (Mayer et al., 1999); and 1-25 Mb
(Tabata et al., 2000), respectively, summing to 5-68 Mb for
these gaps. Moreover, the value for chromosome 3 ‘should
be considered as a minimum estimate’ (Salanoubat et al.,
2000). Nucleolar organizing regions (NORs) on chromo-
somes 2 and 4 contain 7-8 Mb (Lin et al., 1999; Mayer et al.,
1999), giving a minimum total for unsequenced regions of
12-7-13-7 Mb. Added to 1154 Mb, this gives 128-1-
129-1 Mb. Thus, the real estimate of approx. 129 Mb was
rounded down to 125 Mb. The value 129 Mb was not given
in the Arabidopsis Genome Initiative paper (2000), and
125 Mb is widely cited as the genome size of arabidopsis
without qualification. Thus our work uses the 125 Mb AGI
estimate (Arabidopsis Genome Initiative, 2000) as the
arithmetic baseline for comparisons.

Is the total DNA content of the two arabidopsis NORs
approx. 7-3 Mb?

The authors of the 2000 Arabidopsis Genome Initiative
paper state: ‘The rRNA repeat regions on chromosome 2
and 4 were not sequenced because of their known repetitive
structure and content’, and ‘Both NORs are roughly 3-5-4-0
megabase pairs and comprise ~350—400 highly methylated
rRNA units, each ~10 kb’ (Arabidopsis Genome Initiative,
2000). This was based on cited work (Copenhaver and
Pikaard, 1996) that used RFLP analysis and CHEF gel
electrophoresis to measure the absolute size of fragments
containing these repeats, and interpreted these data to
estimate the NORs on chromosomes 2 and 4 as ‘approxi-
mately’ 3-6 and 3-7 Mb, respectively. Apparently the AGI
(2000) paper assumed the ‘known’ value of ‘approximately’
7-3 Mb for the two NORs.

Given the discrepancy between 125 Mb and approx.
157 Mb, it is worth asking if the value of 7-3 Mb for the two
NORs could be too small. The cited work (Copenhaver and
Pikaard, 1996) emphasized that 7-3 Mb is an estimate based
on assumptions. ‘Together, the estimated 730 (% approxi-
mately 100) rRNA genes at the two NORs account for
approximately 7-8 Mbp (7-8 %) of the approximately
100 Mbp haploid genome’. Size estimates ‘are likely to be
accurate to within 15 % of their true values’. Each rDNA
unit is approx. 10 520 bp (Gruendler et al., 1989; Unfried
et al., 1989; Unfried and Gruendler, 1990), so 730 genes
would be approx. 7-7 Mb rather than 7-3 Mb, whilst 830
genes (an extra 15 %) would be 87 Mb. The cited work
(Copenhaver and Pikaard, 1996) also assumed ‘that frag-
ments were only present as single copies as the density of
most [our emphasis] bands was similar’, so extra copies of
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some fragments were possible. An extra copy of the smallest
fragment would raise the total by 50 kb, whilst copies of
other fragmants would easily inflate it to 10 Mb. In early
work assuming a haploid nuclear genome size of 70 Mb, it
was concluded that ‘there are approx. 570 copies of the
rDNA repeat per haploid genome’ in arabidopsis (Pruitt and
Meyerowitz, 1986). As each rDNA unit is approx. 10 520 bp,
the total amount of rDNA was approx. 6-0 Mb (or approx.
85 %) per haploid genome. Interestingly, rDNA clones
comprised 16 % in a random sample of 50 clones (Pruitt and
Meyerowitz, 1986). Thus, it is reasonable to assume that
approx. 8-0 % of the nuclear genome is 18S-25S rDNA but,
if this is the case, this gives values of 10 and 12-5 Mb,
respectively, for genomes of 125 or 155 Mb, higher than the
approx. 7-3 Mb allowed for NORs by the Arabidopsis
Genome Initiative (2000). Apparently, this one sequence
alone could easily equal or exceed the entire 9-6 Mb allowed
in 125 Mb (Arabidopsis Genome Initiative, 2000) for all
unsequenced gaps at both NORs and centromeres.

Is the total DNA content of centromeric gaps only approx.
3 Mb?

Analysis of the methods used to estimate the sizes of
centromeric gaps, and the recent literature on this, suggest
that it too was an underestimate. The Arabidopsis Genome
Initiative (2000) paper states: ‘The centromeric regions
were not completely sequenced owing to large blocks of
monotonic repeats such as 5S rDNA and 180 bp centromeric
and other regions of complex sequence’. Sequencing
resulted in ‘over 5 Mb of DNA sequence from the
centromeric regions’. This borders the centromeric gaps
and was included in the 1154 Mb in contigs. ‘The
unsequenced regions of centromeres are composed primar-
ily of long, homogenous arrays that were characterised
previously with physical (Round et al., 1997) and genetic
mapping (Copenhaver et al., 1999) and contain over 3 Mb of
repetitive arrays, including the 180 bp repeats and
5S tDNA”

Thus, the size of the centromere gaps in the AGI (2000)
paper was based largely on cited work (Round et al., 1997)
which used RFLP analysis and CHEF gel electrophoresis to
measure the sizes of fragments containing 180 bp repeats,
and used these to estimate the total sizes of uninterrupted
arrays of 180 bp repeats as approx. 3-0 Mb. The Arabidopsis
Genome Initiative (2000) paper seems to assume this value
of approx. 3 Mb for uninterrupted arrays of 180 bp repeats
for all the centromere gaps, approx. 0-5 Mb for 5S rDNA
(Campell et al., 1992) and, following Copenhaver et al.
(1999), very little for any other regions of complex
sequence. If so, there is scope to increase each of these
components. First, results presented in Round et al. (1997)
allow more than 3 Mb of 180 bp repeats in centromere gaps,
as recently noted by Haupt et al. (2001). Secondly, 5S rDNA
repeats were estimated to total approx. 0-5 Mb of the
genome in arabidopsis, assuming a haploid genome size of
70 Mb (Campell et al., 1992), but this should be higher, or
even double, if a haploid genome size of 125 or >140 Mb is
assumed. Thirdly, the work by Copenhaver et al. (1999)
cited in the AGI (2000) paper did not establish that the gaps
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constitute less than half of the repetitive elements in
centromere regions, but only implied that this was ‘likely’.
Together, these factors allow for gaps totalling 5-6 Mb, and
summing estimates for such gaps for each chromosome (Lin
et al., 1999; Mayer et al., 1999; Salanoubat et al., 2000;
Tabata et al., 2000; Theologis et al., 2000) gives approx.
5-68 Mb.

Clearly, there is no fundamental objection to the possi-
bility that centromere gaps may total much more than the
approx. 3 Mb actually allowed in the Arabidopsis Genome
Initiative (2000) paper, as new estimates of centromere size
using integrated approaches show. One (Haupt et al., 2001)
estimated the total size of arabidopsis centromeres to be
20-88 Mb, noting that ‘about 9 Mb of the arabidopsis
genome representing the centromere core (and additional
parts of the pericentromeres) are not sequenced’. Another
(Kumekawa et al., 2000) estimated the centromeric region
on chromosome 5 as 4-35 Mb, ‘over 2 Mb longer than
previously estimated’ (by Copenhaver et al., 1999), noting
similar trends for all five chromosomes. Later, the
centromeric region of chromosome 4 was reported as
approx. 5-3 Mb, ‘over 3 Mb longer than previously
estimated by the AGI paper’ (Kumekawa et al., 2001).

The value of 125 Mb (Arabidopsis Genome Initiative,
2000) allows only 2-3 Mb for centromeric gaps, or approx.
0-5 Mb per chromosome. Adding this to the 26-:0 Mb of
sequenced DNA in chromosome 5 reported in the
Arabidopsis Genome Initiative (2000) gives a total esti-
mated DNA content for chromosome 5 of approx. 26-5 Mb.
Yet, ‘combining the 4-35 Mb centromeric region with the
physical map previously constructed, the entire length of
chromosome 5 becomes 31 Mb’ (Kumekawa et al., 2000)—
4.5 Mb larger than the 26-5 Mb noted above. Similarly,
using 5-3 Mb for its centromeric region, the length of
chromosome 4 becomes approx. 25-3 Mb (Kumekawa et al.,
2001). This is 3-8 Mb larger than the 21-7 Mb (i.e. 17-5 in
contigs, 3-7 in NOR4, and 0-5 in centromeric gaps) allowed
in 125 Mb. Such differences, if replicated on all five
chromosomes, would account for >20 Mb of DNA in the
arabidopsis genome above a 125 Mb baseline (Arabidopsis
Genome Initiative, 2000). If there are unclonable regions in
centromeres this may further inflate the size of the genome.

Taking 115-4 Mb of sequenced DNA in the ten assembled
contigs, but allowing 10-12-0 Mb for rDNA in the two
NORs, and an extra 20 Mb for centromeric gaps, gives an
estimated total genome size for A. thaliana of approx.
147 Mb, approaching the present estimate of 157 Mb for
Columbia based on a comparison with C. elegans, and close
to the present estimate (approx. 148 Mb) assuming Iso-1 is
approx. 175 Mb (Fig. 1A).

Estimates of chromosome volume support a genome size in
arabidopsis of approx. 180 Mb

Other types of evidence also suggest genome size in
arabidopsis is above 125 Mb. Genome size estimates in A.
thaliana, including one based on total chromosome volume,
have been reviewed as generally supporting molecular
estimates of approx. 70 Mb (Leutwiler et al., 1984) or
approx. 100 Mb (Galbraith et al., 1991). The work cited
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used serial section reconstructions of mitotic cells of
A. thaliana to estimate that ‘the total volume of the
chromosomes at metaphase averages some 4 um> (Heslop-
Harrison and Schwarzacher, 1990). It was noted that ‘. . .
there is a correlation between chromosome volume and
DNA content [and hence the number of base pairs; Bennett
et al., 1983], and the volume of 4 um? implies that the
genome contains about 100 Mbp, similar to, but slightly
larger than, the estimate by reassociation kinetics (Leutwiler
et al., 1984)’. However, Bennett et al. (1983) reported that
the mean density of DNA in somatic metaphase chromo-
somes of 14 plant species, including four dicots, was
approx. 0-182 pg um=3. Thus, a volume of ‘some 4 um?’ for
4C metaphase chromosomes in arabidopsis really implies a
1C-value of some 0-180 pg (approx. 176 Mb), which is
much more than the 70 Mb cited by reassociation kinetics
(Leutwiler et al., 1984), or the approx. 100 Mb assumed
later (Galbraith et al., 1991), but close to many cytometric
estimates in the range 147-191 Mb (Table 1). Total
chromosome volume can indeed be a meaningful indicator
of genome size, but the available data support an estimate
for A. thaliana of approx. 180 Mb much better than that of
125 Mb.

Estimates of % GC content using different methods concur
for C. elegans but not for A. thaliana

Complete sequencing of the C. elegans genome shows its
GC (guanine and cytosine) content is 35-4 %. As expected,
this agrees with the mean estimate of 36 % GC for extracted
nuclear DNA made by Sulston and Brenner (1974) using
CsCl density gradient centrifugation. A similar comparison
for A. thaliana shows disagreement.

The AGI data (2000) gave a GC content of 34-73 % for
the 115-4 Mb of sequenced DNA, significantly less than an
earlier estimate of 40-3 % GC for arabidopsis nuclear DNA
(Marie and Brown, 1993). The GC content of the most
common repeat (18S-25S rDNA) is approx. 517 %
(Gruendler et al., 1989; Unfried et al., 1989; Unfried and
Gruendler, 1990). Genomic DNA with 115-4 Mb (34-73 %
GC), 7-3 Mb 18S-25S rDNA (51-7 % GC), 0-5 Mb 5S RNA
(39-70 % GC) and 3 Mb 180 bp highly repeated Arabidopsis
thaliana consensus (AtCon) sequence (36:0 % GC) has a
mean GC content of only approx. 35-77 %, well below the
40-3 % reported. The estimate of 40-3 % agrees with a
second independent estimate (Leutwiler et al., 1984), so the
% GC data for arabidopsis may not add up.

Could the difference between a GC content for nuclear
DNA of 40-3 %, and that calculated above (approx. 35-8 %)
for known DNA sequences reflect contamination of nuclear
DNA by chloroplast DNA (Meyerowitz, 1992)? The
arabidopsis chloroplast genome has been sequenced (Sato
et al., 1999), and its GC content of 36-29 % is close to the
GC content of 3473 % of the 115-4 Mb for sequenced
arabidopsis nuclear DNA (Arabidopsis Genome Initiative,
2000), so no amount of contamination by chloroplast DNA
would increase the GC content of nuclear DNA above
36-3 %. If correct, the higher GC contents of nuclear DNA
(approx. 40-3 %; Marie and Brown, 1993) and whole plant
DNA (41-4 %; Leutwiler et al., 1984) might be explained
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not by contamination by chloroplast DNA, but because the
DNA possesses a higher number, or proportion, of repeated
sequences with a high % GC in unsequenced gaps, including
rDNA (51-7 % GC).

Origins of underestimates in arabidopsis genome size by
molecular techniques

Measurements of arabidopsis genome size by molecular
means show a clear pattern of increase over time: widely
accepted estimates have risen from 70 Mb (Leutwiler ef al.,
1984) to approx. 100 Mb, and to 125 Mb (Arabidopsis
Genome Initiative, 2000). NORs and centromeres show the
same trend: the estimated number of rDNA genes rose from
approx. 570 in 1986 (Pruitt and Meyerowitz, 1986) to
approx. 730 in 1996 (Copenhaver and Pikaard, 1996),
whereas the estimated size of the centromere region on
chromosome 5 rose from approx. 2 Mb in 1999
(Copenhaver et al., 1999) to 4-35 Mb in 2000 (Kumekawa
et al.,2000). In 1986, 180 bp repeats were given as 1 Mb per
haploid genome (Martinez-Zapater et al., 1986), but by
1994 the estimate had risen to 3-5 Mb (Murata et al., 1994).
Similarly, in 1995, the retroelement Athila was estimated as
30 copies per haploid arabidopsis genome (Pelissier et al.,
1995), but was reported to be 150 copies and ‘still probably
under-estimated’ in 1996 (Pelissier et al., 1996). Estimates
of number or size have almost invariably changed upwards.
Most work involves assumptions or interpretations made
knowing a currently accepted genome size, and is often
influenced by it. The number of 5S rDNA genes estimated
as approx. 1000 in 1992 (Campell et al., 1992) would have
been proportionally higher had the work assumed a genome
size of 125 Mb rather than 70 Mb. Our work indicating a
C-value for arabidopsis of approx. 157 Mb may now further
this process, provoking reappraisal of how much is still
unknown.

Kinetic analysis on total arabidopsis DNA found it to be
composed of 10-14 % rapidly annealing sequences, 23—
27 % middle repetitive sequences and 50-55 % single or
low copy sequences (Leutwiler et al., 1984). Thus, whole
plant DNA may contain >41 % high and middle repetitive
sequences. It was suggested that most, if not all, of the
middle repeated fraction was non-nuclear chloroplast DNA
(Leutwiler et al., 1984). This view, which removed much of
the potential nuclear genome from further consideration,
was widely accepted, and has influenced the latest genome
size estimate of 125 Mb (Arabidopsis Genome Initiative,
2000).

Owing to the ‘inevitable contamination of nuclear DNA
with chloroplast DNA, reassociation kinetic estimates of the
amount of moderately repetitive DNA in the nuclear
genome have not been made’ (Meyerowitz, 1992).
Instead, estimates derive from incorrect assumptions, such
as underestimating the nuclear genome in arabidopsis as
approx. 70 Mb, and overestimating the number of
chloroplasts per diploid green cell in arabidopsis as 20-80
(Leutwiler et al., 1984). Cell volume and chloroplast
number per diploid cell reflect species DNA C-value
(Butterfass, 1995). Thus, given its tiny nuclear genome,
chloroplast number per diploid cell in A. thaliana is
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expected, and seen, to be very low. Mean chloroplast
number per 2C stomatal guard cell in rosette leaves of ten
A. thaliana ecotype Columbia plants was 3-67, giving less
than two chloroplasts per 1C nuclear genome (T. Butterfass,
pers. comm.).

Endopolyploidy reaches 32C in some cells, but their
chloroplast : nuclear DNA ratio is not increased. Assuming
five chloroplasts, each with 20 chloroplast genomes of
154 kb (Sato et al., 1999), per 1C nuclear genome gives
approx. 15 Mb of chloroplast DNA per 172 Mb of cellular
DNA (given a nuclear 1C-value of 157 Mb). On average,
cells exceed 6C (Galbraith et al., 1991) due to endopoly-
ploidy. This gives >600 copies of the chloroplast genome
per cell, as estimated (Pruitt and Meyerowitz, 1986). If so,
chloroplast DNA is only approx. 9 % of cellular DNA,
leaving approx. 32 % of cellular DNA (approx. 55 Mb) as
high and middle repetitive nuclear DNA sequences (which
is approx. 35 % as high and middle repetitive sequences in
nuclear DNA). Interestingly, chloroplast clones comprised
only 8 % in a random sample of 50 clones (Pruitt and
Meyerowitz, 1986).

Consequences of accepting a nuclear genome size >140 Mb
for arabidopsis

Given the results presented here, we conclude that 125 Mb
(Arabidopsis Genome Initiative, 2000) is a significant
underestimate of the arabidopsis genome, and one that
does not fit with most estimates of nuclear C-values or the
correct amounts of repeated sequences in arabidopsis.
Accepting a nuclear genome size for A. thaliana of
140 Mb or more has important consequences, including
new interpretations of its organization from those currently
widely accepted. A nuclear genome of =140 Mb with 8 %
rDNA would contain >1000 copies of the 18S-25S rDNA
genes, which would therefore be among its highly repeated
sequences, as implied by C-band mapping (Schweizer et al.,
1988), rather than among its middle repetitive sequences as
often stated (Meyerowitz, 1992, 1994; Arabidopsis Genome
Initiative, 2000). Moreover, the total amount and proportion
of high plus middle repetitive sequences in the nuclear
genome must be radically increased from approx. 20 Mb
(Meyerowitz, 1992) to approx. 50 Mb, and from approx.
20 % (Meyerowitz, 1992) to approx. 30 %, respectively. The
assumption (Leutwiler et al., 1984) that most, or all, of the
middle repeat fraction (27 %) of the whole plant arabidopsis
DNA is chloroplast DNA is untenable, as this probably
comprises only approx. 9 % of whole plant DNA (see
above).

Ongoing need for complete sequencing of complex regions of
the arabidopsis genome

Accurate DNA C-value estimates are essential for a full
understanding of plant and animal genomes (Bennett ef al.,
2000a). The Angiosperm DNA C-values database (Bennett
and Leitch, 2001) has C-values for approx. 3500 species
calibrated against chemically determined size standards
whose accuracy may affect the entire database (Bennett
et al., 2000b). Work to refine these has begun using other
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methods (Dolezel et al., 1998; Johnston et al., 1999; Bennett
et al., 2000b), but exact values from whole genome
sequencing would be invaluable. However, genome sequen-
cing becomes more difficult as genome size increases, and
experience with arabidopsis implies that exact C-values are
unlikely to be obtained in this way soon for any larger
genomes, including the established plant size standard
subject to genome sequencing (Oryza sativa), which has a
C-value several fold larger than that of arabidopsis.

In 1997, the Arabidopsis Genome Initiative published its
purpose as ‘to sequence the entire arabidopsis genome’
(Arabidopsis Genome Initiative, 1997). The intention to
sequence the complex regions was explicit: ‘These
approaches are most effective for genome regions that
contain predominantly low-copy sequences. When the
majority of these sequences have been determined, a
detailed strategy will be devised for sequencing the more
complex regions, such as centromeres, which may not be
well represented in the existing libraries’ (Arabidopsis
Genome Initiative, 1997). Unexpectedly, sequence analysis
showed that DNA within centromeres encoded several
expressed genes, suggesting that centromeres in arabidopsis
‘may harbour numerous expressed genes that specify
important functions’ (Copenhaver et al., 1999). Complete
sequencing of the arabidopsis genome until no gaps remain
at telomeres, NORs or centromeres, as originally intended,
is still needed. Not only would this provide a precise
angiosperm C-value as an invaluable benchmark calibration
standard for other plants, but it would also ensure that no
important genes have been missed, especially in centro-
meric gap regions which are clearly larger than previously
imagined.
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APPENDIX

Note 1. Original C-value estimates for Arabidopsis thaliana
by molecular and other methods, and recalculation of some
estimates using modern sequence data

Molecular methods. DNA reassociation analysis originally
showed a genome size of around 70 Mb for arabidopsis
(Leutwiler et al., 1984), which was the mid-point of values
ranging from 54 to 83 Mb, based on an assumed genome
size of 4-1 Mb for Escherichia coli, the kinetic standard used
for the reassociation calculations. Complete sequencing has
shown that the genome of E. coli K-12 is 4-64 Mb (Blattner
et al., 1997). So, the range of measurements should now be
considered as approx. 55-105 Mb, with a mid-point of
approx. 80 Mb (Meyerowitz, 1994). Quantitative gel blot
hybridization gave a genome size of approx. 50 Mb (Francis
et al., 1990). Thus, the different molecular techniques gave
values from 50-105 Mb, all lower than the cytochemical
estimates (Table 1).

Feulgen microdensitometry. In 1972, Bennett estimated the
3C-value of Arabidopsis thaliana growing as a weed as
0-8 pg (Bennett, 1972), later recalibrated as 4C = 0-9 pg
(Bennett and Smith, 1976). A more accurate value for A.
thaliana ecotype Columbia (0-71 pg, but rounded down for
publication to 0-7 pg), based on a larger sample of nuclei
and using a more suitable calibration standard (Vigna
radiata ‘Berken’, 4C = 2-12 pg) was published in 1991
(Bennett and Smith, 1991).

Recently, Krisai and Greilhuber (1997) estimated the 1C-
value for A. thaliana ecotype Columbia as 0-167 pg, using
two well-established plant calibration standards (Table 1).
Thus, the mean estimate for arabidopsis in recent years
made by Feulgen cytochemistry is 1C = 0-172 pg
(168-8 Mb). Cytochemical values exceed both the range
of values (50-150 Mb) acknowledged in the Arabidopsis
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Genome Initiative (2000) and all published estimates made
by molecular techniques prior to sequencing listed in
Meyerowitz (1994) (Table 1).

Flow cytometry. Four groups have used flow cytometry
(FC) to estimate DNA amounts in arabidopsis (Table 1).
Galbraith et al. (1991) gave a haploid genome size of
0-095 pg = 93 Mb using diploid Saccharomyces cerevisiae
with an assumed 1C-value of 15 Mb as a size standard. This
is now known to be 13-39 Mb from genome sequencing
(Goffeau et al., 1996), giving a lower value of approx. 83 Mb
for arabidopsis. Using hen erythrocytes as a size standard
(2C =2-33 pg), they also gave C-values of 0-16-0-17 pg for
arabidopsis using three base-specific fluorochromes
(Galbraith et al., 1991). The non-base specific fluoro-
chrome, PI, was used in the other studies. Arumuganathan
and Earle (1991) gave 1C = 0-150 pg (145 Mb) using
1 pg = 965 Mb after Strauss (1971). The more accurate
1 pg = 980 Mb (Cavalier-Smith, 1985) gives 147-0 Mb
(Table 1), closer to 1C = 0-165 pg given by Marie and
Brown (1993) who also used hen erythrocytes as calibration
standard. Recently, Dolezel et al. (1998) gave values of
191-1 and 181-3 Mb using plant size standards (Table 1).
Thus, only one FC estimate (83 Mb) based on yeast was in
the range 50-105 Mb obtained by molecular techniques,
now known from sequencing data to be too low. Seven other
estimates in the range 147-0-191-1 Mb were all similar to
the range of values obtained by cytochemistry (Table 1).

As the 1C estimate for arabidopsis calculated by
Galbraith et al. (1991) using yeast as a calibration standard
is only about half that of the estimates obtained by
themselves and other workers using flow cytometry and
different calibration standards, it seemed worthwhile to ask
whether the ploidy level (or C-value) of the yeast used by
Galbraith et al. (1991) might have been only half (haploid or
2C) that assumed (diploid or 4C). Galbraith (pers. comm.)
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recently confirmed that ‘it does seem possible that the yeast
may have been the ‘wrong’ ploidy level’ based on the
following information from the original supplier: ‘Yes, it is
possible to have had a yeast culture that was haploid and if
grown to saturation had a 1C DNA content. It is also
possible to have grown the diploid sporulate, generating
haploids that give rise to the 1C DNA content . . . It is also
possible to have had a diploid, and for some reason to have
them arrested in mitosis, in which case they were 4C.” Thus,
either way, if the value assumed by Galbraith et al. (1991)
for the yeast calibration standard was indeed only half what
it should have been, then the real 1C-value for arabidopsis
would have been 167 Mb (or 0-17 pg), which agrees very
well both with previously reported values and our present
work (see Table 1).

Note 2. Original C-value estimates for Gallus domesticus

Rasch ef al. (1971) used 28 cited measurements of 2C
DNA in chicken, ranging from 2-39 to 2-49 pg (mean
2-44 pg). Four estimates based on erythrocytes alone, plus
their own chemical determination, gave the size standard of
2C =25 pg. Recent estimates are: 2C = 2-46 pg (Nakamura
etal., 1990), 2-48 pg (Tiersch and Wachtel, 1991) and 2.5 pg
(Tiersch et al., 1989; De Vita et al., 1994). Zoologists use
2C-values for hen or rooster in the range 2-46-2-55 pg, and
commonly use 2C = 2-5 pg as size standard for CRBC
without noting the chicken’s sex. Galbraith et al. (1983)
chemically estimated the 2C DNA content of chicken to be
2-33 pg, and plant scientists tend to use this value (Marie
and Brown, 1993), but the weight of data favours 2-5 pg.
Most estimates for CRBC are in the range 2-33-2-5 pg.

Note 3. Original C-value estimates for Drosophila
melanogaster

Most estimates of C-value in Drosophila melanogaster
made by chemical or cytochemical means are in the range
0-16-0-18 pg. A few early estimates for drosophila were
about half this amount (Kurnick and Herskowitz, 1952), but
it is widely accepted that the later value published by Rasch
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et al. (Rasch et al., 1971; Mulligan and Rasch, 1980), made
using improved techniques, is more correct. Besides, the
total amount of euchromatic DNA sequenced in drosophila
(approx. 120 Mb) alone exceeds the early low estimates, so
their inaccuracy is now beyond doubt. C-values can vary
between sexes and strains owing to differences between X-
and Y-chromosomes, and between amounts of heterochro-
matin on X-chromosomes of different strains (Adams et al.,
2000). Rasch er al. (1971) used Feulgen microdensitometry
and hen erythrocyte nuclei as size standard [assuming a
diploid cell (2C) contained 2-5 pg] to estimate that the mean
haploid genome of D. melanogaster strain Oregon R was
approx. 0-18 pg for X- or Y-bearing sperm nuclei, but higher
(approx. 0-198 pg) in females (Mulligan and Rasch, 1980)
with no Y-chromosome. Later plant scientists used a 2C-
value of 2:33 pg (Galbraith et al., 1983) for hen
erythrocytes, but zoologists commonly use approx. 2-5 pg
(Rasch et al., 1971). The former gives a mean C-value of
0-168 pg (164-4 Mb) for male Oregon R, or approx. 0-185 pg
(181-3 Mb) for female (using 1 pg = 980 Mb; Cavalier-
Smith, 1985). We compared Iso-1 and Oregon R females
against Apis melifera. Iso-1 was approx. 1-2 % lower than
Oregon R, but we were unable to distinguish separate 2C
peaks for co-stained mixtures of nuclei from Oregon R
and Iso-1 females, confirming that their genome sizes are
very similar. On this basis, the 1C-value of Iso-1 female
is approx. 0-180 pg (approx. 176-4 Mb) if hen 2C =
2-33 pg, but approx. 0-193 pg (approx. 189-1 Mb) if hen
2C =25 pg.

Note 4. Estimating relative length of heterochromatic
segments in D. melanogaster

Brains of Iso-1 larvae dissected in 0-7 % NaCl were fixed
in 45 % acetic acid and squashed on microscope slides.
After removing coverslips by freezing, slides were dehy-
drated in ethanol, air-dried, stained in 2 % Azure A solution
for 2 min, and made permanent. The mean proportion of the
total mitotic chromosome length in heterochromatic seg-
ments was approx. 33 % in ten XX cells.



